Heliothine eggs are commonly found on agricultural commodities and ornamental plants transported through domestic and international commerce. Tobacco budworm [Chloridea (Heliothis) virescens (F.)], Chloridea subflexa (Guenée), and the corn earworm [Helicoverpa zea (Boddie)] are indigenous pests of the American continent. Interceptions of the Old World bollworm [Helicoverpa armigera (Hübner)] at various ports of entry into the United States have been detected due to the invasion of this pest in South America, adding to the complexity and importance of decision making at plant inspection stations. The ability to distinguish the eggs of C. virescens from C. subflexa and Helicoverpa species is a critical component for conducting risk assessments by quarantine authorities, taxonomists, and crop consultants. We developed a simple, rapid (~60 min), inexpensive ($0.06 per sample), and accurate (100% reliability) technique to distinguish C. virescens eggs from the possibility of being H. armigera based on the presence, number, and/or size of aeropyle holes on the primary ribs of eggs, near the micropylar rosette. In this location, aeropyles were easily visible at 40× magnification in 213 fresh and ethanol-preserved C. virescens eggs once treated with Hoyer's solution. A small number of C. subflexa had one or two aeropyles on a few of the primary ribs, whereas no aeropyles were found on 411 H. zea and 269 H. armigera eggs analyzed using optical, electron, and confocal microscopy. We conclude that in most cases multiple aeropyle holes positively identify H. virescens eggs from H. zea or H. armigera, and C. subflexa. This technique potentially will reduce the number of specimens that need to be sent for molecular identification thereby saving program time and resources.
including noctuids of high economic relevance (Korycinska 2012 , Gilligan et al. 2019 . This trade has been implicated in the introduction of the Old World bollworm into South America (Tay et al. 2017) . Although corn earworm, tobacco budworm, and C. subflexa are indigenous to the American continents (Mally 1893 , Morgan and McDonough 1917 , Groot et al. 2011 , the Old World bollworm is an exotic species that is now reported in a number of countries in Central and South America (Czepak et al. 2013 , Murúa et al. 2014 , Kriticos et al. 2015 , Arnemann et al. 2016 , Gilligan et al. 2019 , Jones et al. 2019 . Rapidly distinguishing native from invasive pests is a keystone in any preventive and quarantine program. As an example, identifications at U.S. ports of entry (PoE) strive to be completed within a few hours after being found in cargo. Entomologists at PoE may be able to conduct an acceptable identification based on knowledge of a particular group of pests or by sharing images and samples of the intercepted specimens using the USDA-APHIS Agricultural Risk Management System platform. However, difficult-to-determine species must be mailed to a specialist, a process that may take a couple of days. Rapid and accurate identification is critical to facilitate the prompt movement of commodities to prevent diminishment of the quality and retain the economic value of fresh products.
During inspections at PoE, assessment of pest risk is based on the identification level (i.e., genus or species), the commodity, and its Zalucki et al. (1986) origin. The identification of Lepidoptera eggs is difficult and cannot be done outside of a laboratory setting. Distinguishing the species of heliothine eggs in particular is of growing importance but is problematic. For instance, corn earworm, tobacco budworm, and C. subflexa (Gilligan et al. 2019 ) are pests of low concern for American agriculture because they are already present throughout the Americas. In contrast, Old World bollworm is an invasive pest of serious consequences (Tay et al. 2013) . Consequently, several molecular techniques have been developed to differentiate corn earworm from Old World bollworm and their hybrids (Behere et al. 2008; Leite et al. 2014 Leite et al. , 2017 Arneodo et al. 2015; Perera et al. 2015; Anderson et al. 2018; Walsh et al. 2019 ), but these methods may take many hours or days to yield results, require highly trained personnel, and involve substantial economic investment. Other differentiating techniques, such as near-infrared spectroscopy, are reliable tools for identification of tobacco budworm and corn earworm larvae, but their implementation is relatively expensive (Jia et al. 2007 ) and requires the acquisition of specialized equipment and training of personnel. In addition, a rapid and accurate differentiation of heliothine eggs in cotton fields would be necessary for choosing control responses for these pests due to their different susceptibilities to insecticides (Ottea and Holloway 1998 , Ali et al. 2006 , IRAC 2018 . For instance, although tobacco budworm eggs on Bacillus thuringiensisexpressing (Bt) cotton cultivars may not require control due to the high effectiveness of these engineered plants, the presence of eggs of species in the genus Helicoverpa would be of concern on certain Bt and conventional cotton cultivars (Greene 2017 , Gore 2018 , Stewart 2018 , Vyavhare et al. 2018 ). Furthermore, tobacco budworm larvae have been reported to be resistant to 32 insecticidal active ingredients, and corn earworm to 17, of which 16 are shared by both species (IRAC 2018). This makes the selection of an insecticidal control alternative a complicated decision. Species identification at the egg stage would potentially extend the response time that crop consultants have to implement effective control decisions.
Materials and Methods
Tobacco budworm (C. virescens) eggs were obtained under permit from three laboratory colonies with independent origins from different areas of the United States. Eggs of corn earworms (H. zea) were obtained from four independent colonies originating from the United States, C. subflexa from one U.S. laboratory colony originating from the United States, and Old World bollworms (H. armigera) eggs were obtained from laboratory colonies in Europe, South America, and Australia. Freshly laid tobacco budworm and corn earworm eggs (8-32 h old), and eggs of tobacco budworm, C. subflexa, corn earworm, and Old World bollworm preserved in 70% ethanol (Table 2) , were examined at 100-1,500× magnification with a tabletop scanning electron microscope (SEM; Hitachi TM3030Plus). The primary region of interest on the eggs was the dorsal area of the micropylar rosette ('egg pole superior'). In total, 213 images of tobacco budworm, 411 of corn earworm, 36 of C. subflexa, and 269 of Old World bollworm eggs were captured. Images were enlarged on a 32 × 50 cm computer monitor, and the presence or absence of aeropyles on the primary ribs, near the micropylar rosette, was assessed. Other morphological features (e.g., mcropylar rosette cells, number of first-order ribs) in the dorsal area were evaluated in three species as potential species-distinguishing structures (Fig. 1) . We identified the consistent presence of one to seven aeropyle holes at the top of nearly all the primary ribs near the micropylar rosette in all tobacco budworm eggs (Fig. 2 ). In contrast, these holes were rare in C. subflexa and completely absent in all inspected corn earworm and Old World bollworm eggs (Fig.  3 ). We tested alternative microscopy techniques to corroborate these findings with the goal of establishing a fast, accurate, and inexpensive technique to visualize the presence/absence of aeropyles in eggs, and obtaining three-dimensional images to produce physical, threedimensional models that can be used as reference material, and for further studies of the external characteristics of these eggs.
Tobacco budworm eggs were transferred from 70% ethanol to pure 0.25 ml of Hoyer's solution (Hempstead Halide, Inc., Galveston, TX) in a 1.5-ml Eppendorf tube. The 1.5-ml tube was warmed at 51°C for 10 min on a heating block. The Hoyer's solution and eggs were transferred with a pipette onto the center of a glass slide. A 25-mm coverslip was then pressed onto the eggs/ Hoyer's solution droplet and moved in a rotating motion. The eggs' outer cuticle separated immediately, and the internal egg structures were further dissolved by placing slides on a 51°C slide warmer for 1 h. Once cured and hardened, aeropyles were visible at ≤40× magnifications with a light microscope (Fig. 4 ). We conducted the same procedure with corn earworm and Old World bollworm eggs.
A Zeiss LSM710 confocal laser scanning microscopy system was used to acquire primary three-dimensional data. Tobacco budworm, corn earworm, and Old World bollworm eggs were separately suspended in glycerin, and their images were captured using a Zeiss Axio Observer inverted microscope with 40× 1.2 NA Plan-Apochromat objective. Three excitation wavelengths were utilized: 405, 488, and 561 nm. A broad filter set capturing all emission from 410-to 704-nm wavelengths was used, with a pinhole of 33 µm. Zeiss Zen 2012 Pro software was used to obtain 20-200 z-stack images of whole eggs to produce CZI files, which render the sample in three dimensions (Fig. 5) . CZI files were converted into OBJ files using FIJI, and filters in MeshLab 2016 were used to remove isolated pieces, reducing noise and artifacts. AutoDesk Meshmixer was used to further refine the model and its optimization for printing. STL files were imported into Cura 3.6, and files were oriented and prepared for printing. G-code files were loaded into an Ultimaker2 3D printer and physical models were printed with polylactic acid plastic (Gulbronson et al. 2018 ). Three-dimensional files of tobacco budworm, corn earworm, and Old World bollworm eggs are provided in Supp Appendix (online only).
Results and Discussion
Using a tabletop SEM at 100-1,500× magnification, we determined the presence of a series of aeropyles (one to seven) on all the primary ribs, in close proximity to the micropylar rosette in tobacco budworm eggs (Fig. 2) . Aeropyles were rarely seen in this area of C. subflexa eggs and were absent in the micropylar rosette region in corn earworm and Old World bollworm eggs (Fig. 3) . We then developed a simple and rapid preparation technique that enabled the same findings at ≤40× magnifications with a light microscope. Aeropyles in tobacco budworm eggs have been previously reported (Fehrenbach et al. 1987 ), but our study expands diagnostic capacity in the presence of other pest heliothine species, important for decisions on insecticide application, an issue that is still of concern in cotton fields in the United States (Greene 2017 , Gore 2018 , Stewart 2018 , Vyavhare et al. 2018 .
Observations of 213 images of tobacco budworm, 36 of C. subflexa, 411 of corn earworm, and 269 of Old World bollworm eggs captured with a tabletop SEM indicate a consistent pattern in the four lepidopteran species (Table 2) . This type of microscope produces images that accurately capture the presence/absence of aeropyles. Although the cost of a tabletop SEM and related coldstage exceeds $100,000, its advantage is rapid image-capturing with no preparation and accurate resolution in less than a minute. Nearinfrared spectroscopy is another fast technique with 95% accuracy; however, it necessitates special laboratory conditions and maintenance, and the acquisition of this device may exceed $10,000 (Jia et al. 2007) .
Freshly oviposited corn earworm eggs did not present aeropyles, nor did corn earworm or Old World bollworm eggs preserved for ≥8 d in 70% (or 95%) ethanol. Only a few (3 of 36) eggs of C. subflexa presented aeropyles on the primary rib in the micropylar rosette area. These aeropyles are more difficult to see in C. subflexa than in tobacco budworm. To capture SEM images of these structures, the magnification had to be increased to 1,500× because their diameter is 1.5 µm in C. subflexa, whereas in tobacco budworm, they are easily detected at 40× magnification due to their larger size (3.5 µm in diameter). The absence of aeropyles in the upper region of freshly laid eggs in corn earworm suggests that these holes are also absent on fresh Old World bollworm eggs. However, no fresh (viable) Old World bollworm eggs were imaged because the microscopes used in this research are not within an approved insect-containment facility.
Approximately 60% of the eggs preserved in ethanol became swollen after a few days (Fig. 6 ) to the point that cross stria between primary and secondary ribs were no longer visible in the images, and the ribs lost a great amount of their depth; this was especially prevalent in Old World bollworm eggs. Eggs were not prepared in any fixative solution to reflect the most common condition by which Lepidoptera eggs are submitted to APHIS identifiers, and the common practice used by crop consultants to maintain them for a few days before they are examined. Regardless of the turgidity of the egg, the aeropyles in tobacco budworm eggs were still visible in both nonswollen and swollen eggs for up to 60 d, demonstrating a consistent identification character. The aeropyles were many and in clusters of 1-8 (x = 3.1) per primary rib, clearly visible in SEM images at 100× resolution (Fig. 2) and with Hoyer's mounting technique at 40× resolution using a light microscope (Fig. 4) . In contrast, C. subflexa had 'weaker' expression of aeropyles, similar to that reported for Heliothis maritima Graslin (Dolinskaya 2014) .
With the advanced microscopy techniques described herein, and better resolution shown in this report, we have determined the precise location of aeropyles in C. virescens eggs and provided a simple method to use their presence or absence to distinguish among economically important heliothines using a light microscope. Furthermore, this technique leaves no ambiguity when assessing characters commonly employed in taxonomy (Bernhardt and Phillips 1985) . Other types of external anatomical structures of eggs, such as cells in the micropylar rosette, and number of first-order ribs, exhibited great variation, higher than that described by Korycinska (2012;  Fig. 1 ). We consider them unreliable characteristics for species identification among the examined species.
Egg morphological characters for differentiation between the two Helicoverpa species remain elusive and are further complicated by the confirmation of corn earworm and Old World bollworm hybrids in the American continent (Anderson et al. 2018) . Whole-genome sequencing with appropriate bioinformatic analyses therefore remained the most effective approach for biosecurity preparedness , and development of a whole-genome sequencing approach for egg material will by-pass primer efficacy issues and further our understanding of population and evolutionary genomics of invasive noctuids including Old World bollworm. Significant genetic diversity exists within Chloridea species, including C. subflexa from the North and South America, and may represent potential cryptic species diversity (de Souza et al. 2016 ). Egg morphological characters described in this study should therefore also be examined and described for genetically diverse C. subflexa populations/ morphospecies and their hybrids in future studies.
An alternative approach for differentiating heliothine moth eggs is molecular diagnostics (e.g., Behere et al. 2008) . Although this approach currently has its limitations in terms of speed and expense for equipment and skilled personnel, it offers values to confirm species identity and is especially important to the identification of cryptic species and/or genetically diverse subpopulations (e.g., Groot et al. 2011 , de Souza et al. 2016 ). However, the development of a recombinase polymerase amplification assay may eliminate most of these limitations and bring rapid molecular tools to the field and PoE in the near future. Molecular testing for species identification at borders is still in its infancy, although the technology is rapidly advancing. Candidate loci for species determination commonly utilize mitochondrial DNA and it is rare that genus-and specieslevel markers cannot be identified. This barcoding approach can be further refined depending on the situation and the degree to which a preliminary identification can narrow the potential phylogenetic range of the candidate species. Taxonomic and host information can assist with narrowing the range of potential species, and order-and family-specific targeted PCR and sequencing can be achieved within a day and for a few dollars or cents per specimen. Once the equipment is purchased at a cost exceeding $100,000, many hours of personnel training are necessary. An even more rapid method would be a PCR and endonuclease restriction digest approach, which can confidently discriminate between closely related species, and could be completed in a matter of a few hours for a few dollars, although testing on eggs has not been widely demonstrated, but there has been some work moving toward this goal (Behere et al. 2008) .
More recently, approaches including multiple amplicon and mobile sequencing in the field have resulted in rapid and effective detection of species and genotypes both in the field and at interception. These approaches require the selection of appropriate primers for amplification, as there are no primers that will successfully amplify all known species of interest. A potential risk with any discriminatory technique is species misidentification (by morphology) leading to mistakes in subsequent species confirmation by DNA barcoding. This is less of a problem as validated databases improve, though carefully curated data are vital. Eventually, an automated wholegenome approach will be appropriate, but this is still a relatively large investment in terms of costs and skilled labor.
Although these techniques become faster and cheaper to implement, the Hoyer's solution method presents clear advantages in terms of speed and cost, but distinguishes only tobacco budworm eggs from the other two important Helicoverpa species and from C. subflexa. However, the fast (approximately 60 min), relatively easy (needing two glass slides, a droplet of Hoyer's solution, and a ≥40× magnification compound microscope), and inexpensive method ($0.06 per sample slide) presented here, despite its limitations, may assist risk assessment and management of indigenous and invasive heliothines. This technique has proven effective also without Hoyer's solution on tobacco budworm and corn earworm eggs directly pressed onto a glass slide and observed with an optical microscope using a phase-contrast filter. It can be envisioned, therefore, that a crop consultant may press some field-collected heliothine eggs directly onto a glass slide with a drop of mounting media and a few hours later, under a basic dissecting microscope, distinguish the presence or absence of aeropyles and determine the course of pestcontrol action for the infested field.
